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Abstract:   
In this work we have analyzed the effects of Ti doping on structural and electrical 
properties of α-Fe2O3. When the amount of added Ti (5 wt.%TiO2) was within the solubility 
degree and XRD, SEM and EDS analysis revealed a homogenous hematite structure, with 
lattice parameters a= 5.03719(3) Å, c=13.7484(1) Å slightly increased due to incorporation 
of Ti into the rhombohedral hematite lattice. Higher amounts of Ti (10 wt.%TiO2) resulted in 
the formation of pseudobrookite, besides hematite, confirmed by SEM and EDS analysis. 
Studies of electric properties in the temperature range 25-225oC at different frequencies (100 
– 1Mz) showed that Ti doping improved electrical conductivity. Impedance analysis was 
performed using an equivalent circuit, showing one relaxation process and suggesting 
dominant grain boundary contribution.    
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1. Introduction 
 
Semiconductor materials for economical production of hydrogen using solar energy 
have long been in focus, since the first report on hydrogen production on TiO2 forty years ago 
[1]. However, though extensive experimental and theoretical research has been done on many 
potential materials, no single material has been found that meets all the required criteria: to be 
abundant, inexpensive, stable in aqueous solutions and yet have high solar-to-hydrogen 
conversion efficiency [2-5].  
 Hematite (α-Fe2O3) is an inexpensive, abundant, non-toxic material, stable in most 
alkaline electrolytes. It has a bandgap of 2.2 eV and can absorb approximately 40% of 
incident sunlight. However, it is a poor electronic material with low conductivity [6]. The 
photoelectrochemical performance of hematite can be improved by doping. More than 50 
years ago Morin [7] studied the conduction mechanism of hematite doped with 0.05 to        
1.0 at.% Ti. Substitutional doping of hematite has been investigated both theoretically and 
experimentally using dopants such as Si [7,8], Mo [9], Al [10-12], Zn [13], Sn [12, 14,16-18] 
and Ti [2,7,14-19] that significantly alter the electronic and physical properties of hematite. 
Some authors combine several dopants to balance the ion radius differences and enhance the 
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donor concentration, as is the case of Si and Ti codoped α-Fe2O3 analyzed by Zhang et al 
[20]. 
  As hematite typically exhibits n-type indirect band gap semiconducting behaviour 
introduction of tetravalent ions into trivalent iron sites provides additional n-type doping [2]. 
Ti has been shown to be a potentially effective dopant for hematite thin films [2,7,14,15]. 
Thermoelectric properties of Ti doped hematite were investigated by Muta et al [19] and it 
was shown that addition of Ti increased electrical conductivity and decreased Seebeck 
coefficients. A combinatorial investigation of the effects of adding small amounts of Ti, Si 
and Al on the photoelectrochemical activity of α-Fe2O3 was investigated in [12] showing that 
low levels of Ti addition enhanced the photocurrents. Incorporation of Ti in thin films 
improved charge transport while decreasing recombination both in the bulk and on the surface 
of the film [14].  
 Titanium is a strong deoxidizer commonly used in steel making. It is a stabilizing and 
strengthening element [21]. Titanium forms a large number of stable oxides. The solubility of 
Ti in Fe2O3 is extensive with a homogeneity range from Fe2O3 (hematite) to FeTiO3 
(ilmenite), which at 1200oC extends slightly beyond ilmenite up to Fe0.97Ti1.03O3. In the 
temperature range 800-1300oC the Fe2O3-TiO2 binary system contains rhomobohedral α-
oxide (M2O3) involving mutual solubility of Fe2O3 and TiO2, where up to TiO2 incorporation 
changes with temperature from 16.3 mol% TiO2 in Fe2O3 at 1300oC, 12.3 mol% at 1200oC, 
8.4 mol% at 1100oC to 5 mol.% at 1000oC [22]. The second component is a rutile based TiO2-
x series, where the maximum solubility of Fe2O3 in rutile is ∼0.8 mol% at 1200oC. The third 
component of the Fe2O3-TiO2 system is ferric-pseudobrookite Fe2TiO5 [22]. At constant 
oxygen content of 62.5 at% this is another solid solution denoted M3O5 (M denotes Fe and Ti 
atoms, ideally pseudobrookite FeTi2O5) [21]. 
Velev et al [23] investigated the electronic and magnetic structure of transition-metal-
doped α-hematite using the local density approximation with local correlations. When Ti 
substitutes Fe, three of the four valence electrons are taken by the surrounding oxygen atoms 
leaving one electron for Ti. According to the analysis made in [10,24] this extra electron 
converts a neighbouring Fe3+ ion to Fe2+ forming a donor level just below the Fermi energy. A 
density functional theory (DFT) study of 3d transition metals in hematite was also done by 
Huda et al [3] leading to the conclusion that incorporation of Ti provides electron carriers and 
reduces the electron effective mass, leading to potentially improved electrical conductivity of 
hematite and incorporation of this dopant could potentially lead to the greatest increase in 
electrical conductivity and therefore to the greatest enhancement of photoelectrochemical 
performance. Droubay et al [25] suggested from computational studies that for small degrees 
of substitution by Ti (in hematite) the decrease in band gap can be associated with the 
appearance of empty Ti d states just below, overlapping the conduction band minimum. They 
proposed that for higher levels of Fe substitution by Ti each electron is effectively localized 
on one Fe cation, reducing it from Fe3+ to Fe2+.   
 Gas sensing properties of iron-titanium oxide solid solutions were investigated in 
detail by Luthra et al [26]. The gas sensing behavior towards CO was found to be reasonably 
good within the solubility limit of the solid solution and sensitivity decreased due to the 
appearance of a secondary phase, agglomeration in the microstructure and formation of 
electron trap states associated with Fe2+ that can be related to segregation of Ti. 
The purpose of this work was to analyze the effects Ti doping on structural and 
electrical properties of α-Fe2O3, by varying the amount of Ti above and below the solubility 
degree of Ti in α-Fe2O3.  
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2. Experimental 
 
Hematite powder (purity 99.98%) was doped with titanium in fraction of 5 and 10 
wt.% TiO2 (rutile, purity 99.99%) and homogenized in a planetary ball mill for 15 minutes. 
Green samples 10 mm in diameter were sintered at 1200oC for two hours. 
 XRD analysis of sintered samples of Ti doped Fe2O3 was performed on a Panalytical 
X’Pert PRO system with CuKα radiation and a graphite monochromator with a step scan of 
0.02 s and holding time of 14 s in the 2θ range 5-135o. Unit cell parameters were first 
calculated by Le Bail full pattern profile fitting [27] and then further refined by the Rietveld 
method using the FullProf software suite [28]. Sample morphology was analyzed using 
scanning electron microscopy (JEOL JSM 6390 LV and TESCAN Electron Microscope 
VEGA TS 5130MM) and energy dispersive X-ray spectroscopy (Oxford Instruments INCA 
Penta FETX3). 
 Samples used for electrical conductivity measurements were prepared in the form of a 
sandwich electrode structure. Silver coatings were used as electrodes (ohmic contact). 
Impedance measurements were carried out in the frequency range 100 Hz to 1 MHz on a HP-
4194A impedance/gain-phase analyzer using a HP-16047A test fixture in the temperature 
range 25-225oC (298-498K). A personal computer with in-house built software was used for 
acquisition of measured data.  
 
 
3. Results and Discussion 
3.1 Structural characterization 
 
 Analyses of XRD diffractograms of Ti doped Fe2O3 have shown that samples doped 
with 5 wt.% TiO2 contain only the hematite phase (rhombohedral, cR3 ), all Ti atoms have 
been incorporated in the hematite crystal lattice (fig 1a). Back scattering images and X-ray 
distribution maps of constituent elements of these samples show a homogenous distribution of 
Fe and Ti in the hematite structure (fig. 2). EDS analysis determined the average amount of Ti 
in Fe2O3 when doped with 5 wt% TiO2 as 1.38 at% (2.15 wt%) that is within the solubility 
degree of Ti in Fe2O3.  
 
 
a) b) 
Fig. 1. X-ray diffractograms of Ti doped α-Fe2O3 
 
In the case of Fe2O3 samples doped with 10 wt% TiO2 analysis of XRD 
diffractograms show the presence of two phases: hematite (α-Fe2O3) and orthorhombic 
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pseudobrookite, FeTi2O5 (orthorhombic, Bbmm)(fig. 1b). EDS analysis determined the 
average amount of Ti in these samples as 5.67 at% (9.05 wt%). As XRD analysis has shown 
adding Ti above the solubility degree resulted in the formation of a secondary pseudobrookite 
phase that is in accordance with the results of Luthra et al [26]. Back scattering images, EDS 
analysis and X-ray distribution maps of constituent elements of these samples (fig. 3) showed 
that the distribution of elements was not homogenous, that is the consequence of the presence 
of two phases (hematite and pseudobrookite). 
SEM image BSE image
X-ray elemental distribution map
O Ti Fe8μm
 
Fig. 2. SEM and BSE images and X-ray elemental distribution maps of O, Ti and Fe in  
α-Fe2O3 samples doped with 5 wt.% TiO2 
SEM image BSE image
X-ray elemental distribution map
O Ti Fe
31.422.2366.356
32.135.0862.805
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32.401.5766.032
43.402.3354.271
FeTiOSp.
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Fig. 3. SEM and BSE images, EDS analysis and X-ray elemental distribution maps of O, Ti 
and Fe in α-Fe2O3 samples doped with 10 wt.% TiO2 
 
Lattice parameters determined for 5wt.%TiO2 doped α-Fe2O3 were a= 5.03719(3) Å, 
c=13.7484(1) Å and a=5.03873(5) Å and c=13.75401(2) Å for α-Fe2O3 and a=9.798(1), 
b=9.992(1) and c=3.7138(2) for orthorhombic pseudobrookite, FeTi2O5 in 10wt.% TiO2 
doped α-Fe2O3. If we compare the values obtained for lattice parameters for pure hematite α-
Fe2O3 samples obtained from the same starting powder and sintered in the same conditions as 
Ti doped samples, a=5.03489(5) and c=13.7389(2), and hematite with 5wt.% TiO2 one can 
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note a slight increase due to Ti incorporation in the hematite lattice. This is in accordance 
with the findings of Muta et al [19]. In the case of hematite doped with 10 wt.% TiO2, the 
lattice parameters determined for the hematite phase are slightly higher. The in-plane and out-
of-plane expansions are not very high and are still within literature values determined for pure 
hematite (a=5.04 Å and c=13.75 Å [30]). Even though one could expect that Ti substitution of 
Fe in the hematite lattice would cause lattice parameter contraction in both in-plane and out-
of-plane directions, due to lower ionic radii of Ti4+ (0.61 Å [31]) compared to Fe3+ (0.65 Å 
[31]), this is not the case. Zhao et al [16] determined even more expressed changes in the case 
of Ti doped hematite films. They attributed these changes to the Ti doped hematite film 
becoming more ilmenite-like (ilmenite FeTiO3 has a larger lattice a=5.09 Å, c=14.08 Å [32]) 
and changes in elastic properties with increased Ti concentration.   
  
3.2 Impedance analysis  
 
 Complex impedance plane plots at different temperatures for the analyzed samples of 
α-Fe2O3 with 5 and 10 wt.%TiO2 are shown in fig. 4. In fig. 4 for both sample types we can 
observe one semicircular arc, indicating one dominant relaxation phenomenon, suggesting a 
dominant role of the grain boundary contribution.  
 
a) b) 
Fig. 4. Complex impedance plane plots at different temperatures for α-Fe2O3 doped with  
5 (a) and 10 (b) wt.% TiO2 
  
a) b) 
Fig. 5. Imaginary part of impedance (Z”) versus log(f) at different temperatures for α-Fe2O3 
doped with 5 (a) and 10 (b) wt.% TiO2 for α-Fe2O3 doped with 5 and 10 wt.% TiO2 
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One relaxation process can also be confirmed in the plot of imaginary part of the impedance 
(Z”) against the log of frequency at different temperatures (fig. 5). In both cases (samples 
with 5 and 10 wt.% TiO2) one peak is observed and its frequency increases with increasing 
sample temperature. Impedance values obtained are much higher for hematite samples with 
less Ti, confirming that addition of Ti reduces resistivity, thus increasing conductivity. The 
decrease of the diameters of the semicircular arcs with temperature (in both cases) indicates 
the presence of a thermally activated conduction mechanism at grain boundaries. In the case 
of hopping, the carrier mobility is thermally activated and the carrier concentration is 
determined by the doping level [33].   
Rg 
Rgb 
CPE  
Fig. 6. Equivalent circuit 
 
Fig. 7. Grain boundary resistance Rgb plotted against temperature using the adiabatic SPH 
model for α-Fe2O3 doped with 5 and 10 wt.% TiO2 
 
Impedance data can be fitted and analyzed based on an idealized circuit model with 
discrete electrical components. In this case we used a simple equivalent circuit as shown in 
fig. 6, where Rg and Rgb represent the grain and grain boundary resistance. As the semicircles 
were depressed with a center below the real axis, then a constant phase element (CPE) was 
used to replace the capacitor C in the RC circuit [33-35]. CPE elements in the equivalent 
circuit model enable taking into account phenomena occurring in the interface regions, 
associated with inhomogeneity and diffusion processes. The impedance of a CPE can be 
described as [35]: 
n
CPE jAZ
−−= )(1 ω       (1) 
where ω is the angular frequency, A and n (0 ≤ n ≤ 1) are fitted parameters. When the 
distributing factor n=1, then the CPE describes an ideal capacitor with C = A, while when n=0 
the CPE describes an ideal resistor with R=1/A.   
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The real value of capacitance in the case when the capacitor is replaced with a CPE 
element in a RC circuit can be determined as [34]: 
nn
CPE RAC
/1)1( )( −−⋅=        (2) 
where R, A and n are resistance and CPE parameter values determined from the applied 
model, respectively. 
 Analysis and simulation of impedance spectra was performed using EIS Spectrum 
Analyzer software [36]. The temperature dependence of the grain boundary resistance for 
hematite doped with 5 and 10 wt.% TiO2 is given in fig. 7. It is plotted as 
)/exp(/ kTEATR aogb =  using the adiabatic small polaron hopping (SPH) model [33], 
where Ao is the pre-exponential factor, k is the Boltzmann constant and Ea is the activation 
energy for conduction. In the case of samples (10 wt.% TiO2) containing two phases – 
hematite and pseudobrookite, the determined activation energy for conduction at grain 
boundaries was 0.254 eV in the temperature interval 298-448 K (25-175oC), while in the case 
of samples containing only the hematite phase, the determined activation energy for 
conduction at grain boundaries was 0.342 eV in the temperature interval 298-398 K (25-
125oC) and 0.914 eV in the higher temperature interval of 398-473 K (125-200oC).  
 
Fig. 8. Relaxation time τgb of the carriers at grain boundaries plotted against temperature 
using the inverse temperature dependence for α-Fe2O3 doped with 5 and 10 wt.% TiO2 
 
 The grain boundary relaxation time was calculated as gbgb fπτ 2/1= and its 
temperature dependence was plotted as )/exp(0 kTEgbgb ττ =  in fig. 8, where τ0 is the pre-
exponential factor, k is the Boltzmann constant, Egb is the activation energy for the relaxation 
process at grain boundaries and T is the temperature. In both sample types the grain boundary 
relaxation time decreases with temperature. In the case of samples with a higher Ti content 
(10 wt.% TiO2) the activation energy in the temperature interval 298-448 K was determined 
as 0.206 eV. In the case of samples with a lower Ti content, the activation energy for grain 
boundary relaxation process was 0.204 eV in the temperature interval 298-398K and 0.870 eV 
in the temperature interval 398-473 K. This is similar to the results obtained for activation 
energy for conduction at grain boundaries. The small differences in values of activation 
energies for the conduction and relaxation may be due to the fact that the relaxation process 
involves only the hopping energy of carriers between the localized states, while the 
conduction mechanism involves hopping energy and also disorder and binding energy of 
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polarons [33]. The same type of charge carrier is responsible for both relaxation and 
conduction processes.  
 
Fig. 9. Frequency dependence of ac conductivity for α-Fe2O3 doped with 10 wt.% TiO2 
 
Fig. 10. DC conductivity as a function of temperature for α-Fe2O3 doped with 5 and 10 wt.% 
TiO2 
 
The frequency dependence of ac conductivity at various temperatures is shown in 
fig.9 for a α-Fe2O3+10wt.%TiO2 sample. At each temperature at low frequencies there is a 
frequency independent region followed by a region where conductivity increases with 
frequency. This shows that the ac conductivity follows Jonscher’s power law [37]: 
s
DCAC Aωσσ += that is typical for hopping conduction and where σDC is the dc 
conductivity, A and s are temperature dependent constants. Samples of α-Fe2O3+5wt.%TiO2 
behave in a similar way and changes of ac conductivity with frequency obey Jonscher’s 
power law. If hopping of charge carriers is responsible for electrical conductivity then the 
relation between (σDCT) and (1/T) is linear and this is consistent with the Mott model for 
phonon-assisted hopping of small polarons in the adiabatic limit [38]. Carrier mobility is 
temperature dependent and the increase in dc conductivity with temperature is due to the 
increase in thermally activated drift mobility of charge carriers. Variation of the dc electrical 
conductivity with temperature for both sample types is shown in fig. 10. In the case of α-
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Fe2O3+10wt.%TiO2 samples the activation energy was determined as Ea=0.193 eV in the 
temperature interval 298-498 K, while in the case of α-Fe2O3+5wt.%TiO2 samples it was 
0.226 eV in the temperature interval 298-398 K and 0.748 eV in the temperature interval 398-
498 K.  
 If we analyze the activation energy values obtained for α-Fe2O3+10wt.%TiO2 
samples, namely activation energy for conduction at grain boundaries, activation energy for 
relaxation and also activation energy for conduction, one can see that these values were 
between 0.193 and 0.254 and included the complete analyzed temperature interval. The 
values are consistent with conduction induced by hopping of carriers, in this case electron 
hopping between Fe2+ and Fe3+. Investigations of Ti doping of α-Fe2O3 have shown that 
higher levels of Fe substitution by Ti each electron is effectively localized on one Fe cation, 
reducing it from Fe3+ to Fe2+ [25], improving conduction by increasing the number of Fe2+ and 
Fe3+ pairs responsible for conduction. Thus, in our samples with Ti substitution above the 
solubility degree in α-Fe2O3, resulting in the formation of pseudobrookite, besides the 
hematite phase, lead to enhanced conductivity.   
 In the case of samples with lower Ti substitution, we obtained homogenous single 
phase samples, where Ti was incorporated into the hematite structure. In the analyzed 
temperature interval (298-498 K), at 398 K there was a change in the conduction-relaxation 
mechanism, as two values of activation energy were determined for conduction at grain 
boundaries, relaxation and also conduction. Oxygen vacancies and space charge may be 
responsible for these changes [39].   
  
 
4. Conclusion 
 
 Structural analysis (XRD, SEM and EDS) revealed that due to the high solubility 
degree of Ti in α-Fe2O3 addition of small amounts of Ti resulted in a homogenous hematite 
structure, with slightly increased lattice parameters a= 5.03719(3) Å, c=13.7484(1) Å. 
Addition of Ti above the solubility degree resulted in the formation of pseudobrookite 
(a=9.798(1), b=9.992(1) and c=3.7138(2)), besides hematite (a=5.03873(5) Å and 
c=13.75401(2) Å), confirmed by SEM and EDS analysis. Complex impedance plane plots at 
different temperatures for the analyzed samples of α-Fe2O3 with 5 and 10 wt.%TiO2 showed a 
single relaxation process and dominant grain boundary contribution. Impedance data was 
analyzed using an equivalent circuit, enabling determination of activation energy for 
conduction at grain boundaries and activation energy for relaxation at grain boundaries. 
Values determined for activation energy for conduction showed that conduction was due to 
electron hopping between Fe2+ and Fe3+, enhanced by Ti substitution.   
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Садржај: У овом раду анализиран је утицај допирања титаном на структурна и 
електрична својства хематита. Када је количина додатог Ti (5 wt.%TiO2) била у 
опсегу растворљивости, рентгенска, СЕМ и ЕДС анализе су показале хомогену 
хематитну структуру, са незнатно увећаним параметрима решетке a= 5.03719(3) Å, 
c=13.7484(1) Å услед присуства Ti у ромбоедарској хематитној решетци. Веће 
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количине Ti (10 wt.%TiO2) довеле су до формирања псеудобрукита, осим хематита, 
што је и потврђено СЕМ и ЕДС анализом. Проучавање електричних својстава у 
температурном опсегу 25-225оС на различитим фреквенцијама (100 – 1 Mz) показало 
је да допирање титаном побољшава електричну проводност. Анализа импедансе је 
извршена коришћењем еквивалентог кола, показујући један релаксациони процес који 
претпоставља доминацију утицаја граница зрна. 
Кључне речи:  Рентгенска дифракција, СЕМ микроскопија, електрична својства. 
